Conformational heterogeneity of α-synuclein was studied with electrospray ionization mass spectrometry by analyzing protein ion charge state distributions, where the extent of multiple charging reflects compactness of the protein conformations in solution. While α-synuclein lacks a single well-defined structure under physiological conditions, it was found to sample four distinct conformational states, ranging from a highly structured one to a random coil. The compact highly structured state of α-synuclein is present across the entire range of conditions tested (pH ranging from 2.5 to 10, alcohol content from 0 to 60%), but is particularly abundant in acidic solutions. The only other protein state populated in acidic solutions is a partially folded intermediate state lacking stable tertiary structure. Another, more compact intermediate state is induced by significant amounts of ethanol used as a co-solvent and appears to represent a partially folded conformation with high β-sheet content. Protein dimerization is observed throughout the entire range of conditions tested, although only acidic solutions favor formation of highly structured dimers of α-synuclein. These dimers are likely to present the earliest stages in protein aggregation leading to globular oligomers and, subsequently, protofibrils.
Introduction
Until recently, a well-defined protein structure was considered an absolute requirement for its biological function and the lack of stable conformation always had a negative connotation, as unstructured proteins were viewed as unstable species lacking any functional activity and prone to aggregation. The limitations of this view are now becoming apparent, following the realization that that the intrinsic disorder (i.e., high flexibility exhibited under native conditions) not only is quite ubiquitous in nature, but is in fact vital for the function of many proteins (1) (2) (3) (4) (5) (6) (7) (8) . A paradigm shift in our viewing of large-scale dynamics as a defining element of protein function places a premium on the ability to characterize non-native states (both transiently populated and intrinsically disordered). Theoretical prediction of properties of disordered proteins is usually based on the assumption that they lack any structure in solution, which allows utilization of well-established theories of polymer physics in their description (9) . The major deficiency of this approach is its neglect of any residual structure, which often exists in denatured protein states (10) (11) (12) (13) (14) (15) . Furthermore, co-existence of several protein states in solution at equilibrium makes even their detection an extremely challenging experimental task for established biophysical techniques (16) .
Electrospray mass spectrometry (ESI MS) has recently emerged as a powerful alternative tool capable of both detection and characterization of non-native protein states under a variety of conditions (17) . It offers several important advantages, which make it a very attractive tool to probe structure and dynamics of biopolymers. One particularly important advantage of ESI MS is its ability to make a distinction between various conformations based on the extent of multiple charging of protein ions, whose appearance is determined by the protein tertiary structure (18) . Tightly folded proteins undergo ESI to give ions carrying a relatively small number of charges, as their compact shape in solution does not allow a significant number of protons to be accommodated on the surface upon transition to the gas phase. On the contrary, less structured protein conformers give rise to ions carrying a significantly larger number of charges, as many more protons can be accommodated on the surface of a protein once it loses its compactness. If both native and denatured states of the protein co-exist at equilibrium in solution, the protein charge-state distributions are bimodal. Dramatic changes of protein charge-state distributions often serve as gauges of large-scale conformational changes (19) . This feature is widely used to study protein dynamics in processes ranging from folding (20) (21) (22) and non-enzymatic post-translational modifications (23) to ligand binding (24) (25) (26) (27) , protein assembly (28) (29) (30) , and protein interaction with other biopolymers (31, 32) .
In this work we apply ESI MS to probe higher order structure of α-synuclein, a neuronal protein which is believed to play a major role in development of Parkinson's disease (33) (34) (35) (36) , although its normal biological function remains a subject of debate (37) . While α-synuclein lacks a well-defined three-dimensional structure in solution, available spectroscopic evidence indicates that it may adopt a series of different conformations depending on its environment or co-factors (38) . In this work we use ESI MS to show that four different conformations of α-synuclein co-exist in solution under equilibrium, which differ from each other very significantly by the degree of compactness. One of these conformations (whose abundance reaches maximum under acidic conditions) appears to be tightly folded. Correlating the abundance evolution of these conformers as a function of pH with the earlier spectroscopic measurements allows conclusions to be made regarding the nature of these states. In addition to the monomeric α-synuclein, two types of dimers are observed, whose relevance for protein aggregation is discussed.
Materials and Methods

Materials
Human recombinant α-synuclein was expressed in E. coli and purified as described previously (39) . Following purification, the protein was dialyzed four times against deionized water at 4°C, lyophilized and stored at -80°C. Stock solutions of α-synuclein were diluted to a level of 10 μM (unless specified otherwise) in a 10 mM ammonium acetate solution, whose pH was adjusted to a desired level using either acetic acid or ammonium hydroxide, followed by pH re-measurement of the final protein solutions prior to MS analysis. All chemicals were of analytical grade or higher.
Mass Spectrometry
Charge state distribution analysis of α-synuclein ions was based upon ESI mass spectra acquired with a JMS-700 MStation (Tokyo, Japan) two-sector mass spectrometer equipped with a standard ESI source. Protein solutions were continuously infused into the ESI source at a flow rate of 3 μL/min. ESI source settings were kept constant throughout the measurements to minimize variability of ionic charge state distributions caused by changing instrumental parameters. All mass spectra were acquired by scanning the magnet at a rate of 5 s/decade. Typically, 200 scans were averaged to record each spectrum in order to ensure a high signal-to-noise ratio. The ionic intensities of various charge state distributions were arranged as a K×N matrix, where each column represented one of the N mass spectra measured under certain conditions and each row represented one of the K charge states used in the analysis. Since each charge state z was represented in mass spectra by an envelope of closely spaced peaks corresponding to [M + (z-m)H + mNH 4 ] z+ ions, the ionic intensities were calculated as areas of such envelopes. Chemometric processing of ESI mass spectra was carried out using Origin 6.0 software package (Microcal Software, Inc., Northampton, MA) as described previously (40) .
Fragmentation of α-synuclein dimer ions was carried out on a QSTAR-XL (Applied Biosystems/MDS-Sciex, Toronto, Canada) hybrid quadrupole/time-of-flight mass spectrometer (QqTOF MS) equipped with a TurboSpray ion source. The precursor ions were mass-selected in the quadrupole mass analyzer (Q) and subjected to collision-induced dissociation (CAD) in the RF-only quadrupole (q), followed by detection of all resulting fragment ions in the time-of-flight (TOF) mass analyzer.
Results
ESI mass spectra of α-synuclein acquired at neutral pH display a convoluted charge state distribution for monomeric protein ions ranging from +6 to +22 (Figure 1 ). High charge density protein ion peaks are prominent in all spectra, including those acquired at nearneutral pH, consistent with the notion of the extent of multiple charging in ESI MS reflecting the degree of compactness of the polypeptide chain in solution (18, 41) . It is important to note, however, that low charge density protein ions (charge states + 7 through +9) are also present in the spectra at near-neutral pH. Relative contribution of these ions to the overall ionic signal becomes particularly significant at low pH (e.g., top panel on Figure 1 ). A close inspection of mass spectra strongly suggests that in addition to the low charge density component of the ionic signal, at least two distinct components are present in the high charge density parts of mass spectra. The first one is an envelope of ion peaks around charge state +14, and the second group is clustered around charge state +19. The relative abundance of ionic species representing these two groups does not change in concert, particularly under acidic conditions. Indeed, while both groups become significantly less populated at pH 2.5 compared to the low charge density ionic species, the highest charge density ions (clustered around +19) are diminished to a much greater extent ( Figure 1 , top trace).
Presence of ethanol as a co-solvent at low levels (20% by volume) did not dramatically change the appearance of α-synuclein ions charge state distributions in ESI MS ( Figure 2 ).
However, increasing the ethanol content to 60% by volume resulted in a noticeable change in the ionic charge state distribution: +10 and +11 ions, whose peaks previously formed a visible minimum in the distribution, now become highly populated. This feature was absent in the mass spectrum of α-synuclein acquired in the presence of TFE (either 20% or 60%, data not shown).
To determine the number of independent components giving rise to the observed variance of the charge state distributions of α-synuclein monomers, the entire set of experimental data (an 18×8 matrix) was subjected to a singular value decomposition (SVD), which yielded four significant singular values (see Supporting Information for more detail). The results of deconvolution of charge state distributions of α-synuclein ions by finding the optimal fit for the entire data set with four basis functions are shown in Figures 3 and 4 . Each basis function was selected as a symmetric (Gaussian) curve, whose parameters (position of the maximum and width, see Table 1 ) were maintained nearly constant through the entire set of charge state distributions, while its relative abundance was allowed to change from one spectrum to another without any constraints. The lowest charge density basis function represents the most compact conformer of α-synuclein (labeled C in Figures 3 and 4) . Its solvent-accessible surface area was estimated to be 7.3×10 3 Å 2 based on the average ionic charge using the approach developed in our laboratory for folded proteins (42) . The highest charge-density basis function is likely to represent mostly unstructured protein (labeled U in Figures 3 and 4) . The charge density ratio for these two conformers is Z U /Z C = 2.2. Two other basis functions (labeled I 1 and I 2 in Figures 3 and 4 ) represent intermediate levels of charge density.
A distinct feature of α-synuclein ion charge state distributions is that all four basis functions are needed to reconstruct the total ionic signal in all but one acquired spectra. The exception is the mass spectrum acquired at pH 2.5, where only two basis functions are needed in order to restore the overall appearance of the ionic charge state distribution. Another peculiar feature worth mentioning here is the presence of the ionic signal corresponding to the compact conformer C in all spectra acquired in this work, although its relative contribution to the overall ionic signal is the highest under acidic conditions. Another conformer, which appears to be populated under all conditions tested, is an intermediate state I 1 . The high charge-density component of the ionic signal (unstructured state, U) is negligible at low pH, but becomes prominent as the solution pH is increased. It becomes suppressed at high pH when a large amount of ethanol (but not TFE) is used as a co-solvent. Ionic contribution of I 2 to the total ion current remains modest under most conditions tested (it actually is absent at pH 2.5), but becomes prominent in the presence of large amounts of ethanol.
In addition to the monomeric ions, the ESI mass spectra of α-synuclein also contain contributions from non-covalently bound protein dimers. Interestingly, the extent of multiple charging of protein dimers depends on the solution pH: the mass spectra acquired at pH 2.5 feature a narrow distribution of dimeric species clustered around charge state +11, while the spectra acquired at pH 4 and above display a wide distribution of dimer ions at higher charge states (+13 through +26). In order to establish the nature of the non-covalent dimers, two representative dimer ions were mass-selected in the quadrupole mass analyzer (Q) of a hybrid QqTOF mass spectrometer and subjected to collision-activated dissociation (CAD) in the RF-only quadrupole (q), followed by detection of all resulting fragment ions in the timeof-flight (TOF) mass analyzer. Figure 5A shows the mass spectrum of fragment ions generated by CAD of a +17 dimer ion (solution pH 8). The dissociation event gives rise to pairs of monomers with a relatively narrow and symmetric charge state distribution. There are two most abundant pairs of complementary fragments, which together account for over 98% of the entire ionic signal, namely +8/+9 and +7/+10. There is no evidence in the spectrum for the asymmetric charge partitioning, typical for dissociation of non-covalent dimers and higher oligomers composed of folded monomers (43, 44) . Similar results were obtained for the dissociation of several other high charge density dimer ions (data not shown). Unlike fragmentation of high charge density dimers of α-synuclein, dissociation of dimers carrying fewer charges clearly proceeds via the so-called asymmetric charge partitioning mechanism. Collisional activation of a +11 dimer of α-synuclein generated by ESI at pH 2.5 gives rise almost exclusively to a +7/+4 complementary pair of monomers, with a minor contribution from the +6/+5 pair ( Figure 5B ).
Discussion
The emergence of the notion of intrinsic disorder several years ago changed the discourse in structural biology by challenging one of its central paradigms, which linked functional competence to a well-defined structure. The lack of such structure had a negative connotation, as non-native proteins were traditionally viewed as unstable species lacking any functional activity and prone to aggregation. It now becomes clear that this view needs to be modified, as a growing number of proteins are found to be either partially or fully unstructured under native conditions, both in vitro and in vivo (45) . Although the intrinsic disorder is quite ubiquitous in nature and is vital for the function of many proteins, it is important to realize that a delicate balance between order and chaos must be maintained in order to ensure the proper functioning and indeed the very survival of a cell. Protein misfolding is implicated in a variety of pathological conditions, most notably those related to amyloidosis, such as Alzheimer's disease (46) (47) (48) (49) .
α-Synuclein is a neuronal protein, whose notorious lack of well-defined higher order structure made it a paradigmatic member of the growing family of intrinsically unstructured proteins (38) . Although the physiological function of α-synuclein remains a subject of an on-going inquiry, it has been identified as a major component of Lewy bodies, a neuropathological hallmark of Parkinson's disease (33, 50) . α-Synuclein is also a component of proteinaceous inclusions typical of several other neurodegenerative diseases collectively known as synucleinopathies (33, 34, 51) . While being commonly referred to as "unstructured," α-synuclein has physical dimensions below those expected for a completely unstructured random coil (38) and demonstrates contact rates among distant residues that indicate much shorter separation than is expected for a random polymer chain (52) . Conformational heterogeneity of α-synuclein in solution is strongly suggested by the results of a recent study utilizing non-covalent labeling of proteins prior to ESI MS (53) . Spectroscopic measurements also reveal the ability of α-synuclein to display a range of different conformational signatures in vitro depending on its environment, post-translational modifications and presence of binding partners (38) . Of particular interest is the ability of α-synuclein to display dramatic changes of secondary structure and its propensity to form aggregates as a result of changing solution pH and/or organic co-solvent content. So far, detailed structural characterization of α-synuclein has been possible only in the presence of stabilizing micelles (54) , although the helical structures adopted by the protein under such conditions were proposed to exist even in the absence of micelle or membrane binding (55) .
Earlier circular dichroism (CD) measurements indicated that in acidic solutions α-synuclein adopts a partially folded conformation with significant helical content (38) . Protein ion charge state distributions in ESI mass spectra acquired at pH 2.5 ( Figures 1 and 3) suggest that α-synuclein populates mostly two states under these conditions, one of which is compact. While this compact state (labeled C in Figure 3 ) appears to be highly structured (vide infra), the second, less compact state (labeled I 1 in Figure 3 ) is also likely to retain some structure, as it is very distinct from the unstructured state of the protein. The latter (labeled U in Figure 3 ) becomes populated at pH ≥ 4, and its ionic signal is more prominent in basic solutions. Another distinct state, which is notably absent under the strongly acidic conditions and becomes prominent in the presence of ethanol as co-solvent (labeled I 2 in Figure 3 ), is even more compact than I 1 , as judged by the charge density of corresponding ions in ESI MS.
Given the conclusions of the previous studies of α-synuclein behavior in solution (38) , it is not very surprising that two distinct semi-compact, intermediate state exists in solution over a range of conditions. What is surprising, however, is the fact that protein ion charge state distributions in all of the collected spectra contain a contribution from a very compact state C (it should be mentioned that the fractional concentration of this state in solution may be even higher than suggested by the relative abundance of the ionic signal of C, as the ESI process may discriminate against it and favor higher charge-density protein ions under our experimental conditions (56)). The ionic contribution to the total ion signal is very distinct and its detection does not even require chemometric processing of the data. Usually this is a unique feature of natively folded (18, 40, 57) or highly structured non-native (58) protein conformations. It is very unusual for the low charge-density protein ions to dominate ESI MS at strongly acidic pH, since it typically favors protein unfolding (a notable exception is pepsin (19, 44) , whose "native" environment is highly acidic). However, the existence of a compact conformation of α-synuclein and its prominence at low pH is consistent with the conclusions of recent studies that used negative ion ESI MS and ion mobility spectroscopy to investigate early stages of aggregation of this protein (59, 60) .
α-Synuclein is believed to lack a folded state, although a recent work suggests that it may have an intrinsic propensity for adopting at least two helical structures, one of which is mostly folded (54, 55) . Furthermore, measurements of gas phase collisional cross-sections of low charge density polyanions of α-synuclein carried out using ion mobility spectroscopy were consistent with the globular conformation of this protein in the solvent-free environment (60) , although it remains unclear whether the hydrophobic collapse could be a significant factor influencing the outcome of these measurements. In order to provide quantitative evidence that the detected compact state C does indeed represent a highly structured conformer of α-synuclein, we analyzed the difference in the extent of multiple charging between a natively folded conformation and a random coil state for several wellcharacterized proteins. The graph in Figure 6 shows the ratios of average charges of ions representing native conformers (Z N ) and fully unstructured polypeptide chains (Z U ) for a set of proteins whose conformational dynamics was analyzed previously in our laboratory. This set includes chymotrypsin inhibitor II, ubiquitin (40), cellular retinoic acid binding protein I, myoglobin (57) and pepsin (44) .
According to a current view of ESI process, the extent of multiple charging of natively folded proteins Z N is determined by their solvent-accessible surface area (42, 61) , while the number of charges accumulated by a random coil Z U depends on the chain length (41) . As a first order approximation, surface of a folded protein and the chain length can be linked to each other by assuming that a folded protein is a sphere of radius R and uniform density ρ o , which has the same mass as a chain L with a uniform linear density ρ γ :
In this case the ratio of the chain length to the surface of the sphere S will be (2) and, therefore, the Z U /Z N ratio should depend upon the polypeptide chain length as
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Since in our approximation linear density is uniform, Z U /Z N can be expressed in terms of the protein molecular weight, rather than the chain length L: (4) and the ratio of Z U /Z N to (MW) 1/3 is expected to be constant.
The Z U /Z N to (MW) 1/3 ratio for the five model "foldable" proteins is indeed nearly constant (see Figure 6 ), suggesting that the approximations made to derive expressions (3) and (4) are reasonable. Importantly, the Z U /Z C ratio for α-synuclein fits this curve, suggesting that the two states populated in acidic solution do indeed represent a random coil (U) and a highly structured conformation (C). Although the actual higher order structure of the C state is yet to be determined, the appearance of a far-UV CD spectrum of α-synuclein in acidic solutions reveals a significant α-helical content. It is reasonable to assume that both equilibrium states co-existing in solution at low pH (C and I 1 ) have significant α-helical secondary structure, but the tertiary contacts are present only in C, while the greatly diminished compactness of I 1 likely suggests that it lacks a stable tertiary structure and may in fact resemble a micelle-bound helical form of α-synuclein (54).
Identification of another intermediate state of α-synuclein, I 2 , is aided by the fact that its contribution to the total ion signal remains very modest unless high concentration ethanol is used as a co-solvent, the conditions leading to an apparent increase of the β-sheet content as suggested by the results of both CD (38) and Raman spectroscopic measurements (62) . It is, therefore, reasonable to assume that the I 2 intermediate contains segments folded as β-strands. Furthermore, a relatively modest extent of multiple charging displayed by this intermediate state indicates that it is more compact compared to I 1 , consistent with the notion of the tertiary structure of I 2 defined by inter-strand contacts and a lack of tertiary contacts in the I 1 . On the other hand, a slightly higher extent of multiple charging of I 2 compared to C is likely to indicate that some protein segments fail to adopt a well-defined structure. A recent study of α-synuclein amyloids by H/D exchange revealed significant protection within the continuous middle segment of the protein spanning residues 39-101, some protection in the N-terminal segment and no protection in the C-terminal segment (63) . It is possible that the increased propensity of the middle segment of α-synuclein to adopt β-stranded conformation may result in formation of β-structure within protein monomers as well when assisted by such secondary structure inducer as ethanol. At the same time, diminished β-propensity in the C-terminal segment and, at least to some extent, in the Nterminal segment prevents folding of the entire chain, making I 2 a partially unstructured state.
A very interesting question that arises in connection with considering various conformations of α-synuclein detected by ESI MS is their relevance for the fibrillation process. Although the measurement time scale and protein concentrations used in our work were unlikely to cause fibril formation, ESI MS reveals the presence of α-synuclein dimers across the entire range of solution conditions tested in this work. Intriguingly, at least two different types of dimers are observed, which can be distinguished based on the extent of multiple charging of corresponding ions in ESI mass spectra. Only low charge density dimer ions are observed under acidic conditions, while increasing the solution pH to 4 and above favors formation of high charge density dimer ions. The dissociation behavior of homodimers depends on their solution-phase structure (64) , and the asymmetric charge partitioning accompanying dissociation of low charge density dimer ions ( Figure 5 ) provides a clear indication that they are composed of highly structured monomers. On the other hand, asymmetric charge partitioning is not observed for dissociation of dimer ions at higher charge states, clearly suggesting that both monomeric constituents of such dimers are mostly unstructured.
Intriguingly, the conditions that favor formation of structured helical monomers and dimers of α-synuclein also result in fastest protein fibrillation (38) . While this may seem contradictory to the fact that amyloid fibrils have cross-β-structure (65), recent studies of α-synuclein oligomerization by atomic force microscopy and Raman spectroscopy revealed the globular character of early stage oligomers (66) . These spheroidal oligomers had significant helical content (nearly 50%), which decreases to about 37% in protofilaments. Furthermore, a recent thermodynamic analysis of α-synuclein conformational dynamics also provided evidence that a highly structured helical state populated at low pH is a pre-requisite for protein aggregation (55) . Finally, the results of a recent ion mobility spectroscopy study suggest that α-synuclein aggregation is facilitated when the conformational ensemble is biased towards compact ("collapsed") conformation(s) (59) . Therefore, it is not unreasonable to assume that the compact dimeric species observed in acidic solutions are early precursors to the globular oligomers, although the validity of this conjecture must be carefully investigated, a task that lies outside of the scope of this work. Finally, larger α-synuclein oligomers whose presence in solution can be detected by methods of atomic force microscopy (66) or optical spectroscopy (67) presently remain out of reach of mass spectrometry, rapid progress in characterization of large macromolecular complexes by ESI MS (61, 68) is likely to make such measurements possible in a not-so-distant future.
Conclusions
We demonstrated that α-synuclein populates four distinct conformational states, ranging from a highly structured one to a random coil, the former being present across the entire range of conditions tested (pH ranging from 2.5 to 10, alcohol content from 0 to 60%), but being particularly abundant in acidic solutions. The two intermediates are identified as less compact helical and more compact β-rich states, the latter being induced by significant amounts of ethanol used as a co-solvent. Acidic conditions also favor formation of highly structured dimers of α-synuclein, which appear to represent the earliest stages in protein aggregation leading to globular oligomers and, subsequently, protofibrils. This work also demonstrates the enormous potential of ESI MS for characterization of conformational dynamics of intrinsically unstructured proteins.
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